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Abstract: 

X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet Photoelectron 

Spectroscopy (UPS) have been utilized to demonstrate the sample quality of a UO2 

specimen.  This specimen is to be used in further studies with Bremstrahlung Isochromat 

Spectroscopy (BIS) and Fano Spectroscopy. 

 

Materials terms: Uranium, Oxygen, Photoelectron Spectroscopy 
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I. Introduction and motivation 

Uranium dioxide (UO2) is an important material, widely used as a fuel in nuclear 

reactors for the generation of electrical power. [1,2] Uranium and its compounds have 

been used to color ceramics, glass and even dentures. [3] More importantly for this study, 

uranium dioxide is a stable 5f material, that can serve as a low-radioactivity surrogate for 

more highly radioactive and chemically unstable materials such as Pu.  This is 

particularly true if depleted Uranium is used, i.e. using low radioactivity isotopes of 

Uranium.  Thus, uranium dioxide can serve as an appropriate material for the 

commissioning and testing of our new BIS/FANO Spectrometer.  Here, BIS is 

Bremstrahlung Isochromat Spectroscopy, a high-energy variant of Inverse Photoelectron 

Spectroscopy (IPES) [4].  Fano Spectroscopy [5] is a type of photoelectron spectroscopy 

(PES), where chirally specific excitation and electron spin detection are applied to “non-

magnetic” samples, that is materials without long range magnetic ordering such as in 

ferromagnetism or anti-ferromagnetism.  Before this commissioning can proceed, it is 

essential that the sample quality of the uranium dioxide be established.  To this end, an 

extensive study has been performed, using X-ray Photoelectron Spectroscopy (hv = 1487 

eV from un-monochromatized AlK-alpha radiation and hv = 1254 eV from un-

monochromatized MgK-alpha radiation [6]) and Ultraviolet Photoelectron Spectroscopy 

(hv = 21.2 eV from un-monochromatized HeI and hv = 40.8 eV from un-

monochromatized HeII [7]).  In this article, the results of this study will be presented, 

confirming the quality of the UO2 specimen. 

Before proceeding to a discussion of the XPS and UPS results for UO2, it would 

be useful to briefly consider the spectrometer design and earlier results upon non-5f 
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systems, as well as the ultimate goal of these studies.  Shown in Figure 1 is a schematic 

of the new Actinide Spectrometer [8,9] at LLNL.  It includes unmonochromatized 

ultraviolet (UV) and X-ray sources and a photoelectron energy analyzer, all for 

Photoelectron Spectroscopy (PES).  This photoelectron spectrometer has both a multi-

channel, spin-integrated detector, located in the exit plane of the hemisphere, as well as a 

spin-specific mini-Mott detector.  The Inverse Photoelectron Spectroscopy (IPES) or BIS 

measurements are performed using a photon monochromator system that includes 

multiple gratings and multichannel detection, plus a simple electron gun for excitation.  

Also presented in Figure 1 are some of our preliminary results for non-5f systems.  The 

Fano Spectroscopy of platinum is shown, demonstrating the spin dependence of a valence 

band with a strong spin-orbit splitting and the absence of long-range magnetic ordering.  

[10, 11] Similarly, Ce Oxide has been probed with BIS/IPES, exhibiting very strong 

resonant behavior at the Ce3d threshold. [12] Ultimately, the objective of this project is to 

resolve the ongoing controversy of Actinide 5f electronic structure in general and Pu in 

particular, determining the nature of electron correlation in Pu.  In Figure 1, the 

prediction of the Fano Spectroscopy result for Pu from one possible model is also 

illustrated. [11] It is experimental results, corresponding to such simulated predictions, 

which will ultimately solve the riddle of Pu electronic structure. [13] 

II . Experimental    

The experiments were performed in a combined BIS/Fano Spectrometer at LLNL 

[8,9] A schematic of the BIS/Fano capabilities can be found in Figure 1.  The UO2 was 

formed in the following manner:  by polishing a Uranium sample and exposing it to air at 

ambient pressure and room temperature.  After introduction into the vacuum system, the 
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sample of exposed uranium was prepared further by argon ion etching and mild heat 

treatment.  The base pressure for the XPS/UPS measurements was 2 x 10-10 torr.  In the 

XPS experiments, a Pass Energy of 25 eV was used in the Photoelectron Energy 

Analyzer and a total instrumental resolution band-pass of 2 eV was observed, based upon 

the full-width-at-half-maximum of the O1s core level peak, as described below.  In the 

UPS experiments, a Pass Energy of 7 eV was used in the Photoelectron Energy Analyzer 

and an total instrumental resolution band-pass of 0.3 eV was observed, based upon the 

10%-90% width of the Fermi Edge of a metallic sample.   The other details of the UPS 

and XPS measurements will be described below.  Unless otherwise specified, all 

measurements were made at normal emission and at or near room temperature. 

III. Discussion of Spectral Results 

A                  Elemental Sample Composition From XPS 

Sample composition was determined using wide-scan XPS with both hv = 1487 

eV  (AlK-alpha) and hv = 1254 eV (MgK-alpha).  The results of these measurements are 

shown in Figure 2.  To facilitate direct comparison of the AlK-alpha and MgK-alpha 

spectra, the spectral intensities were plotted versus binding energy, using a spectrometer 

work function of 4 eV.  In photoelectron spectroscopy, the following relation applies. 

BE = hv – KESP - φSP           Eq 1 

BE is binding energy.  hv is the photon energy.  KESP is the kinetic energy relative to the 

spectrometer zero or grounding and φSP   is the spectrometer work function.  For the XPS 

source, φSP 
XPS

   = 4 eV.    Thus, for AlK-alpha, BEAl = 1483 – KESP and for MgK-alpha, 

BEMg = 1250 – KESP.  The corresponding KE scales are shown in each panel.   
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 Only features associated with uranium or oxygen are observed: U5d (BE = ∼ 100 

eV), U5p3/2 (BE = ∼200 eV), U4f (BE = ∼380, 391 eV) O1s (BE = ∼530 eV), U4d (BE = 

∼740, 782), Oxygen Auger peaks (near KE = ∼ 500 eV), U4p3/2 (BE = ∼ 1040 eV) and U 

NOV Auger (KE = ∼ 200 eV).  There is a weak feature at BE = ∼350 eV, using AlK-

alpha, but something like it is also observable in the U metal reference spectra. [6] Thus, 

this weak feature also appears to have its origin in U.  In general, core levels such as the 

U4f and O1s appear at fixed binding energies and Auger peaks are seen at fixed kinetic 

energies. [4] For U, almost all of the core level peaks are spin-orbit split doublets.  

Within these constraints, the MgK-alpha and AlK-alpha spectra are in agreement.  

Furthermore, the different KE’s of the AlK-alpha and MgK-alpha measurements suggest 

that there is not any variation of the result with depth.  This is because the sampling depth 

in XPS is sensitive to the KE of the photoelectrons. [4] Hence, within the caveat of 

excitation cross-sections, it is clear that this sample is composed of only uranium and 

oxygen.  In fact, the U peaks of the UO2 sample are very similar in intensity and 

appearance to those in the metallic uranium calibration spectra, [6] for both the AlK-

alpha and MgK-alpha excitations, respectively. The oxygen peaks exhibit similar 

agreement with those in the oxygen calibration spectra. [6] Having established that the 

sample is composed of only oxygen and uranium, the core levels of the uranium and 

oxygen will be considered in more detail, to quantify concentrations and robustness. 

B                  Sample Stoichiometry and Stability from Core Level XPS 

The U4f (Figure 3), O1s (Figure 4) and U4d (Figure 5), will be examined more carefully, 

using both AlK-alpha and MgK-alpha.  These will be compared to chemically specific 

reference spectra, from various compounds. [14]   
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For the U4f, both the AlK-alpha and MgK-alpha spectra exhibit the main spin-

orbit split peaks at BE = 380 eV and 391 eV.  Moreover, there are the satellite peaks (the 

“6 eV” satellites) at BE = 386 and 397 eV, associated with UO2. [14, 15]  Indeed, the 

spectra in Figure 3 are not only essentially identical to each other, but also the UO2 

reference spectrum in Reference 14 and 15, if broadening associated with instrumental 

resolution is taken into account.  (It should be noted that elemental U has no “6 eV” 

satellites in the U4f spectrum. [14]) 

One way to address the instrumental resolution issue is to look at spectral 

structure without spin-orbit splitting or satellites.  This has been done, using the O1s peak, 

shown in Figure 4.  For Both AlK-alpha and MgK-alpha, there is a single peak, with a 

full-width-at-half-maximum of about 2 eV.  This is substantially broader than the single 

O1s peak of Reference 15, where a higher resolution scan of UO2 was performed, using 

monochromatized AlK-alpha radiation.  However, the agreement in terms of binding 

energy is very good, indicating a consistency between the samples.  From this 

measurement, an instrumental resolution band-pass of 2 eV is established for the XPS 

part of this study. 

Finally, before moving on to a discussion of the valence band results, it is useful 

to consider the U4d spectral structure in Figure 5.  Here, there are differences between 

the spectra for AlK-alpha and MgK-alpha radiation.  However, this is not a sampling 

depth issue but instead is caused by the oxygen Auger features near KE = 500 eV.  In the 

MgK-alpha spectrum, these overlap with the U4d5/2 peak.   Nevertheless, the U4d3/2 

peaks for both the AK-alpha and MgK-alpha are essentially identical.  Furthermore, the 

AlK-alpha spectrum in Figure 5 can be compared to the reference spectra for UO2 and 
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elemental uranium. [14,16] The spectrum in this study, with its peak/shoulder 

combination for both the U4d5/2 and U4d3/2, is consistent with the UO2 reference 

spectrum and not with the elemental uranium. [14,16] 

Again, the agreement between the AlK-alpha and MgK-alpha spectra for the U4f, 

O1s and U4d core levels suggests the absence of a sampling depth effect.  Furthermore, 

the spectra in Figures 3, 4 and 5 at different times strongly suggests a temporal stability 

for the sample.  Perhaps most importantly, the data in Figures 3, 4 and 5 all indicate that 

the sample is UO2, not some other stoichiometry. 

C                  Sample Stoichiometry: Valence Bands from XPS and UPS 

The valence bands were probed with AlK-alpha, MgK-alpha, HeII and HeI 

radiation.  (Figure 6)  All of the results point to UO2, without any indication of a second 

site or second structure.   

Consider first the AlK-alpha and MgK-alpha spectra in Figure 6.  Consistent with 

the core level data and wide-scans, the AlK-alpha and MgK-alpha valence band spectra 

are essentially identical and exhibit temporal stability over the time span that was tested.  

The XPS spectra are essentially identical with the valence band reference spectra. [14,17] 

This, in turn, leads to the peak assignments shown in the lower half of Figure 6. 

Moreover, it is known [14,18] that the relative magnitude, of the U5f (BE = ∼ 2 

eV) and O2p (BE = ∼ 6 eV), depends very strongly upon the oxygen stoichiometry (x) for 

UOx.  For UO2, the U5f dominates the O2p.  For UO3, the U5f is almost completely gone, 

leaving the O2p as the dominant peak.  The intervening stoichiometries, U4O9 (or UO2.25) 

and U3O8 ( or UO2.67), show behavior between these extremes.  The U4O9 has U5f and 

O2p peak heights that are almost the same, while the U3O8 has a U5f height that is less 
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than that of the O2p.  This is further evidence that the sample is truly UO2.  If the oxygen 

concentration were to increase, the U5f/O2p peak ratio would drop precipitously, which 

would be inconsistent with out XPS measurements.   Thus, there is only one site or 

structure and it is UO2. 

The UPS valence bands provide the two last pieces of evidence that the sample is 

UO2.  Shown in the upper half of Figure 6, the spectrum with KE between 12 eV and 44 

eV includes both the stronger HeI and weaker HeII features.  In the inset, an enhanced 

HeII spectrum is plotted.  For HeI and HeII measurements, the spectrometer work 

function is φSP 
UPS

   = 0 eV.  (The φSP 
UPS

   = 0 eV was determined using a conducting 

sample with a Fermi Edge and is the same for HeI and HeII.)  Different spectrometer 

work functions, for the XPS source and the UPS source, are not unexpected.  In the UPS 

data collection, the total resolution band-pass is much smaller, owing to lower analyzer 

pass energy and the narrower photon source widths.  Because of this, it is possible to see 

more detailed spectral structure.  For example, the band gap between the U5f peak and 

the Fermi Level (EF) can be seen in Figure 6, for both HeI and HeII.  Moreover, the HeI 

and HeII spectra are different: The U5f peak is stronger and the O2p peak has a bigger 

shoulder in HeII.  The increase in the U5f intensity is due to an increase in the U5f cross-

section in the range of hv = 20 to 40 eV. [19] These differences have been observed 

before. [14, 20,21]  Respectively, the HeI and HeII spectra here are essentially identical 

to the earlier HeI and HeII spectra from UO2.  [14,20,21] 

IV. Conclusions 

Using XPS and UPS, and comparing to earlier calibration and reference spectra, it 

has been demonstrated that the sample is UO2.  This is without any discernable 
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contributions from a second site or second structure and without any variation of 

stoichiometry from the 1:2 ratio. 
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Figure captions 

Figure 1a Schematic of BIS and spin resolved photoelectron spectroscopy (SRPES) 

experimental setup installed recently at Lawrence Livermore National Lab for the 

electronic structure study of actinides. For BIS, the detection of the photons is performed 

with the XES-350 monochromator and multi-channel detector 

Figure 1b The Fano Spectroscopy results for Pt. The electrons were collected along 

the sample normal.  The He I radiation was incident from either the left or the right side, 

at an angle of 45 degrees.  The spin measured was perpendicular to the plane containing 

the He I radiation and the sample normal. (3A) The asymmetries from the left and right 

HeI sources, showing the spin reversal with chirality reversal. (3B) The polarization. (3C) 

The spin resolved and spin integrated spectra, using unpolarized HeI photons as the 

excitation.  Spin up (down) is blue (red). 

Figure 1c           Prediction of the dichroism in δ-Pu. Double Polarization Photoelectron 

Dichroism is the ideal technique with which to probe for such a dynamically shielded 

moment, with (1) a probe time on the scale of 10-18 seconds and (2) the capability to see 

spin effects in nonmagnetic materials. 

Figure 2 Wide scans with AlK-alpha and MgK-alpha.  See text for details. 

Figure 3 U4f spectra with AlK-alpha and MgK-alpha.  See text for details. 

Figure 4 O1s spectra with AlK-alpha and MgK-alpha.  See text for details. 

Figure 5  U4d spectra with AlK-alpha and MgK-alpha.  See text for details. 

Figure 6 XPS and UPS  valence bands.  See text for details.   
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Figure 1a 
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Figure 1b 
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Figure 1c 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure  6 

 

 


